A dual frequency ground-based radiometer operating in the 1 to 1.4 cm wavelength range can provide continuous measurements of integrated water vapor and cloud liquid water. Using climatological data, the accuracy of the vapor and liquid determinations is estimated as a function of cloud amount. Limiting factors in the water determination are uncertainties in water vapor absorption coefficients and, during cloudy conditions, uncertainties in cloud temperature. For integrated water vapor content greater than 10 mm, the accuracy of the vapor determination is better than 15% for a wide range of cloudy conditions.
INTRODUCTION
Total precipitable water is an important component of many moisture-related processes in the atmosphere. For example, the occurrence of convective clouds and precipitation is closely related to the amount of water vapor in the layer from the surface to 400 mb [Battan and Kassander, 1960] . Consequently, measurements of integrated vapor have been used in the design of cloud seeding experiments [Dennis and Koscielski, 1969] . Continuous observations of this quantity may also be useful in operational precipitation forecasting, and in meteorological research applications such as the estimation of water vapor flux into convective cells [Leichter and Dennis, 1974] . Other problems that require integrated water vapor, although not necessarily in the zenith direction, include electrical path length correction [ Westwater, 1967 ; $chaper e.t al., 1970], and real-time prediction of transmission for both infrared and millimeter wave propagation.
At the present time, precipitable water V can be measured in several ways. Operationally, V can be obtained by integrating radiosonde soundings and can be estimated, between soundings, by statistical regression of surface observations [Reitan, 1963; Tomasi, 1977] . However, single wavelength radiometric observations of precipitable water, obtained during clear conditions, have indicated frequent occurrences in which the total water content Copyright ¸ 1978 by the American Geophysical Union. changed by 50% in periods of one or two hours and during which either the surface moisture remained nearly constant [Gurvich et al., 1972] or the emission showed no correlation with surface dew point temperature [Fogarty, 1975] [Hogg and Chu, 1975] . This absorption can, in turn, be directly related to corresponding amounts of integrated water vapor V and cloud liquid L. As discussed by Staelin [1966] measurements of low attenuation at a vapor-sensitive frequency and a cloud-sensitive frequency allow separation of the two water phases. Various separation algorithms are possible [Staelin, 1966; Grody, 1976] ; we briefly describe a physically transparent method in which the effect of uncertainties (both in measurement and of physical constants) can easily be evaluated. the estimation of a number of quantities entering into ( For the wavelengths considered in this paper, and for nonprecipitating conditions, i.e., for maximum particle diameters less than 100 !xm, the Rayleigh equation may be used to calculate the absorption from the dielectric constant and the cloud water content [Mason, 1971] . Such calculations show that the liquid attenuation changes (decreases) about 2% per øC (increase) in temperature. However, the sensitivity to temperature is somewhat ameliorated for a two-channel system because of the known dependence of the attenuation on frequency and temperature. Without independent information on such cloud parameters as base temperature, base height, or thickness, the uncertainty in average cloud temperature can easily be +5øC.
For frequencies greater than 15 GHz and during rains that contain an appreciable number of drops whose diameters exceed 1 mm, the Rayleigh approximation is not valid. Furthermore, for the same frequency restriction and for rain rates greater than 1 mm/hr, the scattering contributions to extinction exceed 5 %, so that scattering becomes increasingly important in radiative transfer, as either the frequency, or the rain rate, increases. However, Zavody's [1974] calculations at 37 GHz indicated that, for rain attenuation less than -3 dB, the error due to neglecting scattering and estimating the attenuation directly from emission is about 20%. As was pointed out in section 2, the dual-frequency vapor determination requires not the separate values of the upper and lower channel liquid attenuation but only their ratio. This ratio, calculated at 22.235 and 30 GHz, for a rain rate of 0.25 mm/hr differed by about 10% from the ratio calculated for Rayleigh particles. Thus, in light rain, although the Rayleigh assumption could result in an error in liquid determination of a factor of 2 or 3, the effect on vapor determination would be much less serious.
RESULTS
Proceeding on the assumption that cloud absorption is Rayleigh, and by using the standard statistical rule for the propagation of errors of correlated Table 2 An important factor in correcting V for clouds whose 31 GHz attenuation is greater than --•1 dB is the average cloud temperature. Curves of Figure  4 , calculated assuming no error in molecular constants, show this accuracy for various standard deviations of cloud temperature •T c. Thus, for example, a standard deviation of 1.5 mm in V could arise from a cloud whose attenuation is 0.9 dB and whose temperature uncertainty is 7.4 K or from one whose attenuation is 2.5 dB but whose •T c is 1 K. Similar calculations investigating the sensitivity to noise levels in the measurement system indicate that the accuracy in V does not degrade seriously until the brightness temperature error exceeds 1 K.
DISCUSSION
Calculations indicate that, for 31 GHz cloud attenuation less than 3 dB, a dual frequency ground-based radiometric system can provide useful measurements (usually within 15%) of integrated water vapor and cloud liquid water. These calculations, coupled with available attenuation statistics, imply that such a system could operate 98%-99% of the time for many locations. The clear-air accuracy of such a system is currently limited by uncertainties in calculation of water vapor absorption as a function of temperature, pressure, and water vapor concentration. To minimize these uncertainties, we are designing a channel at 20.6 G Hz, a frequency at which uncertainties in absorption due to uncertainties in line width constants are small. If, however, the uncertainties in knowledge of absorption were eliminated, the 22.235 GHz channel would be an equally good frequency for clear-air probing, and a much better one for separating cloud from vapor.
As was shown in section 4, the cloud effects could be considerably reduced if the effective radiating temperature of the clouds were known. This temperature could be much more accurately estimated if the base height (or base temperature) and thickness were independently measured. Base heights can be measured by a ceilometer, base temperature perhaps by joint infrared-microwave radiometry, and both height and thickness by radar.
The Wave Propagation Laboratory, National Oceanic and Atmospheric Administration, has recently constructed a dual-channel system at 20.6 and 31.65 G Hz. After initial performance tests are completed, the system will be operated at Stapleton International Airport, Denver, Colorado, for about six months in 1978. Later, the system will be taken to a more humid location for further tests and evaluation.
A complementary experiment that will independently measure cloud attenuation is also being designed by the Wave Propagation Laboratory (J. B. Snider, personal communication, 1977) . The COMSTAR synchronous satellites have a continuously operating beacon at 28.5 GHz. Power levels of this extremely narrow bandwidth beacon will be monitored at the ground by a stable receiver. This measurement, coupled with simultaneous measurements of emission in the same direction and at a closely separated but nonoverlapping frequency band, will provide estimates of both cloud radiating temperature and cloud attenuation. Accuracy estimates of J. B. Snider (personal communication, 1977) suggest that this system can measure attenuation to within +0.25 dB for attenuation less than 5 dB, and to within + 10% for attenuation between 5 and 10 dB. The accuracy of the mean radiating temperature determination is not high, being about 2.5 % at an attenuation of 3 dB. If a dual-frequency system, say 20.6 and 31.65 GHz, were also pointing in the satellite direction, then the estimate of cloud attenuation could receive independent confirmation. The effects of rain on the dual system can also be studied with this experiment.
